In small binary clusters consisting of a transition metal (TM) of the 3d series and a nonmagnetic element (C, Si, Cu), considerable magnetic moments are induced in the atoms of the nonmagnetic element by the TM. The induced magnetic moments may align ferromagnetically (FM) or antiferromagnetically (AF) with respect to the direction of the magnetic moment of the TM. It is shown that whether the coupling is FM or AF depends not only on the distance of the nonmagnetic atom from the TM but also on the cluster symmetry and the d-band filling of the TM. This behavior is discussed within a state specific generalization of the Ruderman-KittelKasuya-Yosid interaction. Recent research works, pertaining to the enhancement of the magnetic moment of magnetic clusters, have focused on ways of exploiting the orbital magnetic moment (OMM) because of the discovery of a number of systems in which the OMM contribution appears as a significant fraction of the magnetic moment of the cluster. For example, it was recently shown that the OMM adds a significant contribution to the magnetic moment of the transition metal atoms (TMA's). This is very pronounced in the case of the Fe, Co, and Ni TMA's.
Recent research works, pertaining to the enhancement of the magnetic moment of magnetic clusters, have focused on ways of exploiting the orbital magnetic moment (OMM) because of the discovery of a number of systems in which the OMM contribution appears as a significant fraction of the magnetic moment of the cluster. For example, it was recently shown that the OMM adds a significant contribution to the magnetic moment of the transition metal atoms (TMA's). This is very pronounced in the case of the Fe, Co, and Ni TMA's. 1, 2 Owing to the fact that a major factor controlling the OMM is the spin-orbit (SO) interaction, 24 considerable efforts have been devoted to producing nanograins made of magnetic materials with large magnetic moments, large SO coupling, and large magnetic anisotropy energy. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Thus, investigations of magnetic nanograins consisting of elemental or binary clusters based primarily on the TM atoms such as Co, Fe, and Ni have been attempted. In the case of binary grains the second material can be a metal (TM, Cu, Ag, Au), a semiconductor (C, Si), or a rare earth (Sm). 10 Looking from a different perspective, we have recently demonstrated 14, 15 that two other crucial factors playing a dominant role in the enhancement or the reduction of the magnetic moment of binary clusters consisting of TM's are related to the ligand field effects and the d-band filling of the d bands of the TM's. Based on this we have conducted a systematic investigation of binary clusters and studied clusters of the form M m X n ,M =V,Fe,Co; X =C,Si,Cu,V,Fe,Co; n + m ഛ 3 as well as representative classes of larger clusters of the form MSi n , n Ͻ 15, M = V,Fe,Ni.
Our investigations revolved around two general classes of binary magnetic clusters (see preliminary results in Refs. 14 and 15). The first class includes binary clusters consisting of TMA's of the 3d series. For these clusters, the magnetic moments of the constituent atoms undergo significant changes as compared to their corresponding free atomic values. The second class includes binary clusters in which one of the species is a TM of the 3d series and the other element consisted of either Si, C, or Cu. Considerable magnetic moments were found to be induced in the nonmagnetic components of these clusters in response to their interaction with the TMA's.
In both of these cluster classes, the resulting magnetic configuration was attributed to the d-band filling of the TM('s) and the attainable cluster geometry (symmetry). The d-band filling, by influencing the point-group symmetry of the interacting TM atom, will specify (via hybridization) the molecular orbitals (MO's) which can be used in the redistribution of the electrons in the available electronic levels. The redistribution of the electrons in the MO's can lead to atomic magnetic moments greater than the corresponding free-atom values. Then, for reasons not yet clear, they align ferromagnetically (FM) or antiferromagnetically (AF), leading, respectively, to enhanced or reduced values for the effective (total) magnetic moment ef f of the cluster. Thus, it is not surprising that although the atomic magnetic moments of cluster atoms may be found enhanced, the effective magnetic moment of the corresponding cluster is relatively small and barely exceeding the sum of the free-atom values of the constituent cluster atoms. From our results it is apparent that in order to exploit the factors responsible for achieving enhanced magnetic moments in small binary magnetic clusters such as the d-band filling and the ligand field effects, one has to look for structural configurations which can lead to FM alignment of the magnetic moments of all cluster atoms. In other words, knowing that the d-band filling factor specifies the number of valence electrons in the TMA's, one expects the bonding features of the TMA to be specified by the attainable point-group symmetry of the TMA site and the resulting hybridization with the surrounding ligand orbitals. Thus, the ligand field appears to be guided to a large extent in a self-consistent way by the d-band filling factor of the TMA's. 14, 15 It is the purpose of the present work to address this issue by attempting to determine all major factors responsible for the magnetic alignment (ferromagnetic or antiferromagnetic) of the magnetic moments of the constituent cluster atoms by performing a detailed study of the FeSi n (n = 5, 6, 10, 12) and FeC 12 clusters. Our calculations were performed using the density functional theory (DFT) at the B3LYP level of approximation and the LANL2DZ basis sets using the GAUSS-IAN program package. 16 All the clusters were fully relaxed with no symmetry constraints. The relaxed FeSi n clusters are shown in Fig. 1 .
We first examine in detail the structural differences between the ferromagnetically aligned FeSi 10 (of distorted C 5 symmetry) and the antiferromagnetically aligned FeSi 12 cluster (of distorted C 6 symmetry). 14, 15 The distortion resulting from the structural relaxation causes the hybridized MO's (computed in terms of s, p, and d basis functions) to exhibit significant mixing of the metal d orbitals with those of the ligands. However, the degree of mixing at the highest occupied molecular orbital (HOMO) level appears to depend strongly on the d-band filling. Our studies show that these two clusters exhibit striking differences in their distributions of the Si-Fe interatomic distances r Fe-Si . A plot of the magnetic moments ͑ Si ͒ of the ligand atoms (Si atoms) (in the relaxed ground-state cluster configuration of FeSi 5 , FeSi 6 , FeSi 10 , and FeSi 12 ) as a function of their distance from the Fe atom, however, shows no systematic trend in the variation, Si = f͑r Fe-Si ͒. This result can be attributed to the fact that the ground state of the various clusters exhibits different spin multiplicity.
In Fig. 2 we plot the magnetic moment as a function of the Si-Fe interatomic distance for FeSi 5 , FeSi 6 , FeSi 10 , and FeSi 12 clusters in two different spin multiplicities (which include the ground-state one). The top panel in Fig. 2 shows the results for the triplet states for these clusters while the bottom panel shows the corresponding results for the quintet states. In the caption of the figure we indicate the spin multiplicity of the ground-state configuration of each cluster. Positive (negative) Si means that Si aligns ferromagnetically (antiferromagnetically) with respect to Fe . The conspicuous oscillating variation of Si with respect to its distance from the Fe atom seen in Fig. 2 is reminiscent of the Ruderman-Kittel-Kasuya-Yosida (RKKY) type of interaction [17] [18] [19] ; the observed small variation in the charge transfer in the Si atoms does not correlate with the large variations in the values of their corresponding magnetic moments. Both the triplet and quintet states exhibit a common region of the Fe-Si distances ͑r Fe-Si Ϸ 2.6 Å͒ at which the Si atoms, when found, exhibit zero magnetic moment. However, the striking difference between the data of the triplet and quintet states is that the Si 's align ferromagnetically with respect to Fe in the quintet state and antiferromagnetically in triplet one. Contrary to the classical RKKY interaction, keeping the spin state of the cluster constant, we observe negligible change in the sign of Si as r Fe-Si changes, although the variation in the absolute value of Si appears strong. Figure 3 shows similar results for the relaxed FeC 12 cluster in the triplet state (ground state). From this figure it can be observed that the oscillatory behavior seen in the C vs r Fe-C dependence is much closer to the classical RKKY features.
We attribute the results of both Figs. 2 and 3 to the development of a RKKY type of interaction among the magnetic moments in small magnetic clusters. 25 Interestingly, however, its variation with the interatomic distance appears to be strikingly different from the classical one in the bulk phase. [17] [18] [19] In the small magnetic clusters studied in the present work, it appears that the RKKY interaction is state specific and depends on many factors among which the d-band filling of the d band of the TM plays a dominant role. electron orbitals and therefore the spin multiplicity and the type of bonding orbitals. The latter specify the electron density which establishes the coupling among the magnetic moments. 26 All these can be easily justified if we examine the dependence of the RKKY interaction with respect to the interatomic distance R nm = r n − r m where r i , i = n , m, are the position vectors of the cluster-atoms exhibiting magnetic moments n and m , respectively. In fact, an insight into the function H RKKY = f͑r n , r m ͒ can be obtained by applying the classical derivation of the RKKY interaction (see, for example, Ref. 20) . It can then be easily seen that the indirect coupling H RKKY between the magnetic moments n and m takes the form
where the prime in the summation indicates that the term ␣ = ␣Ј is excluded,
and d⍀Ј = dr 1 dr 2¯d r n−1 dr n+1¯d r N , ⌽ ␣ ͑r 1 , r 2 , ... ,r N ͒ is the MO of the ␣-cluster state, ⑀ ␣ its corresponding eigenvalue, and J the coupling constant. A rough estimation of ␣␣ Ј ͑r n ͒ can be obtained by assuming that the MO's ⌽ ␣ are described as products of atomic orbitals (AO's), j ͑␣͒ , centered at the positions of the cluster atoms. In this approximate picture, the RKKY interaction between two magnetic moments, located at the atomic sites r n and r m of a cluster, originates from MO's ⌽ ␣ , ⌽ ␣ Ј with energies near the HOMO and the lowest unoccupied molecular orbital (LUMO) energy levels and which differ only with respect to the constituent AO's centered at the n and m-cluster atoms, respectively. In this approximation, ␣␣ Ј ͑r n ͒ takes the form:
From the above discussion, it is straightforward to see that the dependence of H RKKY on the interatomic distance is directly related to the symmetry and geometry of the cluster and, therefore, related to the d-band filling of the TM as discussed above. As a result, j ef f appears to have an explicit dependence not only on the interatomic distance but also on the symmetry and spin multiplicity.
As an additional example we consider the case of the FeSi 10 cluster in the D 5h symmetry. In this cluster the Fe atom is placed between two parallel Si pentagons in an eclipsed position. We vary the Fe-Si distance and observe the resulting variation in the average magnetic moment per Si atom, ͗ Si ͘, while examining the character of the AO's that provide the major contribution to the moments, ͗ Si ͘ and ͗ Fe ͘. From this it is interesting to note that at small r Fe-Si distances the contribution to ͗ Si ͘ originates from the p y AO of the Si (the y axis passes through the centers of pentagons and the Fe atom). At larger Fe-Si distances, the major contribution to Si comes from the p x and p z AO's of Si. Correspondingly, the contributing orbital to ͗ Fe ͘ changes as r Fe (D 6h symmetry) . However, the changes observed in the character of the orbital contributing to Si and Fe depend on the multiplicity and are different than those observed in the FeSi 10 (D 5h symmetry). We attribute these changes to the directionality of the d orbitals and to the changes in the hybridization of the Fe orbitals due to a change in the bonding direction between Fe-Si as a result of variation in the Fe-Si distance.
These conclusions can be used as fundamental tools in guiding research efforts on developing magnetic grains with enhanced magnetic moments. They point to a possible pathway towards the exploration of magnetic clusters consisting of magnetic materials of large free-atom magnetic moments (like the 3d series ones) which, when grown in specific geometries and combinations with characteristics as dictated by Eqs. (1)-(3) , can sustain a specific spin state. The latter may be attainable by making use of a coating process or by depositing the cluster on an appropriately prepared substrate. 
